crease the waste and cost of production. Therefore, it is desired to simulate the resin injection and flow patterns in a mould before physical production, to recognise and eliminate problematic areas and avoid these extra costs. A major parameter in these calculations is the permeability of the reinforcement or the resistance of the textile to the resin flow.
Henry Darcy was the first to describe the permeability (K) and empirically deduced the relationship between the instantaneous output flow (Q) of a fluid flowing through a porous medium and the pressure drop across the medium (ΔP), the fluid viscosity (η) and the given flow length (L) and cross section (A) (Eq.1):
ERROR ASSESSMENT IN PERMEABILITY MEASUREMENT USING RADIAL FLOW METHOD
Frank Gommer, Stepan Lomov, Kelly Vandenbosche, Ignace Verpoest (1) To describe unsaturated flow behaviour such as that of an RTM injection (Fig1); the liquid flowing through a dry fabric; Darcy's original law has been modified by several researchers. Weizenböck [1] deduced the following equation (Eq. 2) describing the radial, two dimensional flow for a radial flow set-up, shown in Fig. 1 under a constant pressure in a porous medium which can be used to analyze permeability tests [2, 3, 8, 9] :
(2)
Added here are, a1 the empirically fitted slope of the curve 'flow front position in direction 1 vs. time' of the experiment [2] , Φ the porosity of the medium, r 0 the inlet radius and α the anisotropy which is defined as the relationship between the two permeability values (K 1 , K 2 ) in the two principal directions of the assumed elliptical flow front. Eq.2, together with the similar equation for the second principal direction, is used to calculate K1 and K2 from flow front positions observed during a radial flow experiment.
Permeability, as an intrinsic material property of a complex material like a textile preform, is determined by many parameters such as textile geometry, fibre type, fibre volume fraction, etc., and can be different depending on the measured flow direction
relative to the fabric in the general 2D or 3D case.
Practice shows that there is still insufficient standardization about the permeability measurement of textile preforms. Several different test set-ups for in-plane and through-the-thickness, saturated and unsaturated permeability measurements have been developed [4, 7, 11, 12] , but permeability measurements with different test set-ups of the same fabric can differ by an order of magnitude [4, 5, [13] [14] [15] . Even measurements on the same test setup will have a big scatter due to several factors, including yarn nesting, as shown by Hoes et al. [5] .
Additionally, other neglected sources of error in permeability measurements include intrinsic and systematic errors of the measurement equipment and method. Hoes [5] argued in his work that random experimental errors due to finite repeatability should be normally distributed with an average of zero and should not have a major influence on the measured permeability. This work shows that the overestimated accuracy of the test set-up and experimental error can have a major influence on the measured permeability due to error compounding.
TEXTILE MATERIAL
The current study was performed on an unbalanced glass twill weave fabric (Tab.1) provided by Hexcel in the scope of the International Permeability Benchmark Exercise (IPBE) initiated in FPCM 2006 and 1,594 ± 0,061 * Yarn thickness [mm] 0,143 ± 0,009 * * measured inside a composite with 54% fibre volume fraction.
FPCM 2008 conferences. Supplier datasheet values were confirmed by measurements on the dry fabric and measurements in the compressed state were made by means of microscopy on composite cross-sections. The principal directions 1 and 2 for the tests were chosen corresponding to the warp and weft direction. A distinctive anisotropy in the measured permeability could be expected due to the unbalanced design of the fabric.
TEST FLUID
The test fluid used -Axson F18 Polyol Part A -is a non-curing component of a fast cast polyurethane and was chosen due to the previous work on the same test set-up of Loendersloot [2, [8] [9] [10] . In order to visualize the fluid flow through the textile a black dye was added to the Polyol. To characterize the actual behaviour of the Polyol mixture the fluid was tested using a dynamic stress rheometer from Rheometrics. It was discovered, that the fluid does not have a pure Newtonian behaviour ( Fig.2) , exhibiting shear-thinning behaviour with a power law exponent of n=0.8045 (Eq. 3).
(
This indicates that, due to a continuous growth of the flow front radius during the permeability test at constant inlet pressure, the fluid front velocity decreases, which causes a decrease in shear rate and hence an increase in viscosity. Unfortunately, the shear rate dependence of the test fluid is not always documented in permeability research and the fluid is only assumed to be Newtonian.
The effect of the temperature on the fluid viscosity should also be carefully analyzed. Permeability tests are generally conducted at room temperature differing from test to test. The temperature dependant viscosity of the Polyol-black dye mixture was measured ( Fig. 3 ) with two different test method an d confirmed by the empirical Cox-Merz rule (Eq.4).
(4)
THE MEASUREMENT RIG AND PROCE-DURE
The permeability tests were preformed on the RTM test rig of the KU Leuven, Department MTM [2, 16] with the textile descibed earlier. The mould is rectangular with sides of 300 mm x 500 mm and has a central injection point (Fig. 4 ).
The fluid injection can be monitored due to the presence of a transparent top plate constructed from a 
stack of three PMMA plates with a total thickness of 50 mm. A metal frame on top of the PMMA plates is used to obtain the required mould stiffness, but this also decreases the visible surface. A digital video camera was mounted above the centre of the mould which recorded the position of the flow front as a function of time during the injection. From this video, images were extracted and then subsequently processed by Photoshop © and later analyzed by a Matlab © program [2, 3] . The algorithms used are based on the assumption that the flow front is elliptical and two dimensional. This formula (Eq. 2) require a constant injection pressure drop which was 1.2 bar (0,6 bar inlet pressure and -0,6 bar vacuum) and was maintained constant. With these calculations, it is possible to determine permeability values in the direction of the two main axes of the ellipse. The actual test temperature was determined by a thermocouple inside the RTM mould. A cavity height of 2 mm was used for this study. For such a thin preform, an influence of out-of-plane flow was neglected.
Due to the nature of the setup, the position of the camera is not easily controllable. It is possible that the camera is rotated with respect to the mould, the distance to the mould was not constant from test to test, and the camera is not exactly centred over the injection point. These errors due to the rotations and translations were corrected in the Matlab program [2] .
PERMEABILITY RESULTS
The permeability results on the material and test set-up described before are shown in (Fig. 5 ). The permeability values K 1 and K 2 , were measured in the warp and weft directions respectively. The experiments were conducted at three different fibre volume fractions (41%, 43% and 54%). The fibre volume fraction was controlled by the amount of textile layers inside the mould cavity (4, 5 and 6) with a spacer of 2mm and checked on actually produced composite panels impregnated with epoxy in the same mould. The test fluid viscosity was measured using normal shear rates applied to resins in RTM conditions, with a flow velocity of around 10 cm/ min and an inter-yarn space of ca. 0,2 mm giving a shear rate of about 10 s -1 . To incorporate the temperature dependence of the viscosity of the fluid (Fig. 2) for each experiment the following formula (Eq. 5) was used.
For these experimental results several sources of error were discovered. The main ones will be discussed in the following sections and their influence on the calculated permeability will be shown, by highlighting their potential effect on the permeability test of 54% fibre volume fraction (V f ) in the first principal direction (K 1 ).
ERROR DUE TO INACCURATE PRES-SURE READING
An error on the calculated permeability value can occur due to imprecise pressure reading and low accuracy of the pressure gauge. The pressure was maintained constant throughout the test in the actual test set-up. The pressure gauge tolerance (t P ) was ±0.05 bars for the pressure and ±0.005 bars for the vacuum pressure. For the estimation of the error introduced to the calculated permeability, with all other parameters assumed constant, the following formula is used (Eq. 6).
With K* the initial calculated permeability, ΔP the pressure difference, t P the absolute tolerance on the measured pressure value and K P the resulting permeability with the scatter caused by inaccuracy in reading the pressure gauge.
An imprecise analogue pressure gauge dial can lead to an error of up to five percent. After a sufficient amount of tests -Hoes [5] required 20 tests for a statistical analysis -this error should have an average of zero. However, this can not be assumed because this setting is generally adjusted once and held constant for all subsequent tests which can lead to a systematic error.
ERROR DUE TO INACCURATE TEMPER-ATURE READING
Due to the temperature dependence of the viscosity of the injected fluid, here a Polyol-black dye mixture, an error on the determination of the viscosity will be the result of reading the temperature indicator. A tolerance of the temperature reading (t T ) of ±0.5°C was estimated for the setup described earlier. To get a scatter estimation for the calculated permeability (K*) value based on equation 2, due to the temperature dependence of the viscosity, the following formula can be used (Eq. 7):
Here, K T is the erroneous permeability value, which is resulting from the difference of the initial assumed viscosity η* to the real viscosity η T due to the temperature dependence. When the temperature dependence of the fluid is expressed as Eq. 5, then the equation 7 can be rewritten as (Eq. 8)
An error on the permeability value of the example in Fig. 5 (54% Vf) of up to five percent was discovered. For this error source, the error will not average to zero due to the nonlinearity of eq.8.
The porosity is an important influence factor on the permeability for textile reinforcements (Eq. 2). The absolute scatter found in the mould cavity height, t H , induces an error in the initial calculated permeability (K*) as follows (Eq. 10):
Here the initial assumed porosity Φ* on basis of the average mould cavity height is in relation with the toleranced mould cavity height Φ H . Together with equation 9 the following relationship of the scattered permeability K H can be derived (Eq. 11):
The geometry of the RTM mould used here, is rather imprecise. A variation in the mould cavity thickness over the width and length of the mould is ±4.27%, measured as variation of thickness of epoxy impregnated plates produced in the mould. This gives an error in the permeability values of up to five percent ( Fig. 5 -54% V f ). However, the effects of randomly distributed local mould thickness variations are reduced because calculations of permeability values are averaged with time and position of the fluid flow front represented by the factor a1 in equation 2.
ERROR DUE TO SHEAR RATE DEPEN-DENCE OF THE FLUID
Darcy's law assumes a Newtonian behaviour of the fluid. The Polyol black dye mixture used here is shear rate dependent and therefore the viscosity is a function of fluid velocity (v fluid ), and the fluid velocity is constantly decreasing over the course of the experiment as the flow front perimeter R increases. The dependence of the shear rate on the fluid viscosity at constant temperature (Fig.2) is expressed as (Eq.12):
The error introduced to the measured permeability values due to non-Newtonian behaviour can therefore be determined by the following equation (Eq.13). 
The absolute tolerance (t S ) in determining the initial shear rate γ* must be relatively small, otherwise the error will grow exponentially with n-1. However, it is not a trivial exercise to determine "the shear rate". The shear rate within the mould is complex, varying 
with different size scales (micro vs. meso), different orientations (K 1 vs. K 2 ) and with time (velocity is changing with the flow front size).
In order to estimate an overall average shear rate, the flow front positions as a function of time in the two principal directions have to be determined. This is done here for an exemplary experiment ( Fig.6  left) . This data was fitted with a logarithmic curve (eliminating values where points were missing due to the metal frame on top of the mould). On this data, the velocities in the two principal directions (i) were determined ( Fig.6 right) with the following function (Eq. 16):
with i = 1 or 2
Based on the textile geometry, dimensions of the unit cell can be estimated and used to calculate the actual throughput through the unit cell in the principal directions. For this textile, this resulted in unit cell dimensions of h=0.316 mm, w=6.8 mm and l=6.0 mm (Fig. 7 ). For this cross-sectional area (A i ) the following relation (Eq.17) can be used to find the throughput through the unit cell (Q i ) as function of time (t). for the exemplary unit cell at the flow front in the first principal direction is shown in Fig. 8 (left) for 54 % V f . To estimate the shear rate that the fluid experiences during the experiment, a flow geometry is assumed as simple rectangular shaped channel. The cross-sectional area of the simplified geometry in the two principal directions is assumed to be (Eq. 18):
(18) with w as width of the unit cell. On this simplified slit geometry giving a simplified flow channel of the fluid, the following equation (Eq. 19) can be used to determine the shear rate of the fluid [6] .
The shear rate in this kind of test is related through the fluid output (Q), the width of the channel (w) and the height (h). For the current example of a permeability test with 54% V f , this results in a variation of shear rate as shown in Fig. 8 (right) .
The time average shear rate in this example is around 4,5 s -1 over the course of the experiment. This shear rate is significantly different then the initially assumed shear rate of 10 s -1 . Due to the non-Newtonian behaviour of the fluid, an error of around 15% was determined on the permeability values in Fig. 5 .
CONCLUSIONS
It was shown, that an overstimation of the accuracy of the test setup can introduce significant errors on the permeability values. Several major errors are discussed in this work. The pressure settings and geometrical stability of the test setup has to be determined carefully. The temperature and the shear rate dependence of the test fluid have to be documented well and, if possible, be avoided.
However, even if all of the above mentioned error sources give a maximum influence on the permeability calculations, they can not explain test differences of more than one decade [2, 5] . Other error sources such as those discussed by Hoes et al. [5] , mainly the effect of nesting must be carefully controlled during the tests. Unfortunatly, there is no general standard for permeability tests at the moment and therefore, to achieve the possibility of test comparability, all possible parameters should be reported which could be a source of error. 
